Abstract
Introduction
continent and the Amazon, which is consistent with previous studies using measurements from 157 satellite, ozonesonde and aircraft (Rex et al. 2014; Bela et al. 2015) . Over the northern middle 158 latitudes, O3 concentrations are highest in summer. The tropospheric O3 concentrations in the 159 middle troposphere start to increase in spring and then decrease dramatically in fall, which is 160 consistent with seasonal cycle observed at European mountain sites (Zanis et al. 2007; 161 Cristofanelli et al. 2014) . demonstrates good agreement globally with respect to the model. 166 Figure 3 shows the monthly variation of mean O3 over the Middle East at different levels. 167
In the lower and middle troposphere, the relative difference between the model and data is 168 generally less than 10%, whereas the bias is a little larger in the upper troposphere. Figure 3  169 shows significant and moderate O3 enhancement during the summer in the middle and lower 170 troposphere, respectively, over the Middle East. In contrast, O3 concentrations in the upper 171 troposphere are at a minimum in summer, implying altitude dependent mechanisms for the O3 172 variations. Obtaining a better understanding of these mechanisms is important because it 173 provides critical insights about the sources and variations of tropospheric O3 in the northern 174
hemisphere. 175 the limitation of the tagging approach that they employed, they were not able to obtain a detailed 179 description of the sensitivity of Middle East O3 to the precursor emissions. In this section, we 180 will use the adjoint of the full-chemistry GEOS-Chem model (Henze et al. 2007 ) to quantify O3 181 source contributions, similar to previous studies (Lapina et al. 2014; Jiang et al. 2015b) . The 182 adjoint model, which includes both chemistry and transport, is run backwards to computationally 183 efficiently provide sensitivities with respect to each of the model's emissions from each species, 184 sector, and grid cell. 185 Over India and Southeast Asia, the intensity of NOx emissions from anthropogenic 261 sources (Figure 1a) is much larger than that from lightning (Figure 1c) , however, the 262 contributions of anthropogenic and lightning emissions to middle free tropospheric O3 over 263
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Middle East are similar (Figure 4a-b) . This discrepancy suggests that free tropospheric NOx 264 sources have larger impacts than surface sources on free tropospheric O3, associated with faster 265 transport and longer lifetime in free troposphere. In order to evaluate the influence of source 266 level, we conducted a model analysis by releasing (simulated) combustion CO emissions from 267 the surface (1-day lifetime, Figure 5g -5i) and middle free troposphere (7-day lifetime, Figure 5j -268 5l). The results confirmed the significant contribution from free tropospheric sources. 269 Table 2 
